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Dear Sir: 

1 . The undersigned, a named inventor of the above-identified Application 
(hereinafter "the Apphcation'*), hereby submits the following declaration in support of the 
patentability of the invention disclosed and claimed in th.e Application. 

2. I have reviewed the pending Office Action dated Febmary 24, 2004, including 
the remarks and conclusions of the Examiner In particular, I have reviewed the Examiner's 
remarks and conclusions relating to how the skilled artisan would interpret the terms "modified 
glycosyl donor molecule" and "glycoside acceptor molecule." It is my understanding that the 
Examiner believes tiiat these terms would be interpreted by the skilled artisan to encompass any 
glycosy] donor and any glycoside acceptor irrespective of the particular glycosynthase being 
used in the methods as claimed. It is also my understanding that the Examiner believes the 
specification does not provide sufficient gaidance to the skilled artisan to use glycosyl donors 
other than the respective glycosyl fluoride in the methods as presently claimed. 

3. The specification as filed describes, inter alia, the production of a 
glycosynthase by mutating a glycosidase enzyme at one of two catalytically active amino acids 



in the active site. It is known in the art tliat wild-type glycosidase cx\zymos primarily hydrolyze 
oligosaccharide products, but also catalyze the reverse reaction and synthesize oligosaccharides 
to a minor extent. Even when the enzyme is forced to run in the reverse direction the 
glycosidase reaction can become the primary reaction catalyzed by the glycosidase. It is a well 
known fimdamental principle that any catalyst (mcluding an enzyme) must catalyze the same 
forward and reverse reaction. In the present invention, the specification teaches a method for 
achieving a glycosidase enzyme that has lost the abihty to catalyze the hydrolysis of 
ohgosaccharides, but which retains the abihty to couple a modified glycosyl donor molecule to 
an acceptor. These modified enzymes have been tenned "glycosynthases." Therefore, generally 
the glycosynthase retains the substrate specificity of the origmal glycosidase with respect to the 
"reverse" synthesis reaction. 

4. Because the Application as filed is directed to a method for achieving 
s>aithesis of a desired oligosaccharide product, and because generally the mutated glycosynthase 
retains the specificity of the original wild-type glycosidase, thereby providing a means for the 
skilled artisan to achi eve this goal, the skilled artisan, reading the pending claims in hght of th e 
specification and as of its effective filing date, would not reasonably interpret the terms 
"modified glycosyl donor molecule" and "glycoside acceptor molecule" to refer to any random 
donor-acceptor pahr irrespective of the origiaal substrate specificity of the respective wild-type 
glycosidase enzyme. Instead, the skilled artisan would reasonably interpret these terms hi the 
context of the particular "mutant form of glycosidase entyroe" of interest to the artisan. Many 
references were available to the skilled artisan prior to the effective filing date of the Application 
that, for example, characterize the substrate specificity of a large number of glycosidase enzymes 
in both the forward and reverse direction. See for example. Watt et al^ Currt Opin, Struct Biol 
7:652-660 (1997), a review article pubhshed subsequent to the filing date of the present 
application but which hsts a number of references pubhshed prior to the filing date. 

5. Given a particular glycosidase, the skilled artisan, reading the specification as 
of the effective fifing date of the Application, would fiirther understand that creation of a 
glycosynthase fi'om a particular glycosidase enzyme, as described in the specification, woiild 
provide a glycosynthase with generally the specificity to make the same products that are 
hydrolyzed by the original glycosidase. As above, it is a fimdamental principle that a catalyst 



catalyzes the same reaction in the forward and reverse direction. Therefore, the skilled artisan 
would also know the substrate specificity of the origmal glycosidase from characterizatjon 
studies of the substrates hydrolyzed either available in the art or from studies carried out prior to 
consideration of using the glycosidase as a candidate for mutation to form a glycosynthase. Tlae 
skilled artisan, given a particular glycosynthase, produced according to the methods described in 
the specificatiouj would therefore know a variety of corresponding donor-acceptor pair(s) to 
employ in the claimed methods. 

6. The enzymatic reaction catalyzed by a glycosynthase of the invention is a 
nucleophilic substitution reaction, well understood by fte skilled artisan and predictable in the art 
as of the effective filing date. ThQ skilled artisan, reading the pending claims in light of the 
specification and as of the effective filing date, would reasonably interpret the term "modified 
glycosyl donor" as recited in the claims to mean a glycoside molecule modified by a group that 
fimctions as a '*good leaving group" (i.e., a group that makes the donor more reactive) (see, for 
example, specification at page 4, lines 12-14) and that is "reasonably small" (i.e., small enough 
to allow the donor molecule to fit within the active site of the particular mutant enzyme) (see 
specification at, e,g., page 12, lines 3-1 1). 

7. Groups that fimction as a good leaving group in nucleophilic displacement 
reactions, including those groups recited in the specification, were well-known in the art as of the 
effective filmg date of the Application. (See, for example, Mechanism and Theory in Organic 
Chemistry, 3rd Edition, Lowry and Richardson eds., Addison-Wesley, 1987) Such groups 
include, for example, axides and fomiates, as well as those specifically listed in the specification 
as examples (chlorides, acetates, propionates, and pivaloates, and substituted phenols), Azide 
and formate were known prior to the effective filing date of the Application to be good 
nucleophiles and lea\'ing groups (Lowry and Richardson supra). Further, it was known to the 
skilled artisan that azide and formate were smaller or of similar size to certain examples of 
leaving groups provided in the specification. Still fiuther, prior to the effective filing date of the 
Application, azide and foimate were known to be substrates of a mutant glycosidase enzyme 
(Agrobacterium faecalis (J-glucosidase) in a rescue reaction. See, for example, Wang et al, J. 
Am. Chem, Soc, 116:11594-11595 (1994); cited previously during prosecution). Wang^M/. 
(supra) also provide an average distance between each pair of active site carboxylate oxygen 



atoms for a number of glycosidase enzymes. Provided with the guidance provided in the 
specification alone or in combination wth Hie information available in the art prior to the 
effectiA^e filing date of the Application it is well within the skill of the artisan to select a leaving 
group of the proper size. 

8. Fxrfaer, in order to address continued concerns of the Examiner relating to the 
scope of altemative glycosyl donors we have recently canied out additional experiments 
described herein that demonstrate the use of an altemative glycosyl donor other than a glycosyi 
fluoride in transglycosylation reactions catalyzed by a mutant glycosidase of the present 
invention. The study bas been carried out under my direction and control and are part of ongoing 
studies into tlie characteristics of mutant enzymes as described in the present application. The 
following smramarizes an experiment using a-glucosyl azide as an alternate donor to a- glycosyl 
fluoride with a mutant p-glycosidase. The a-glncosyl azide donor used in the experiment is not 
specifically listed as an example in the specification, but as above, would have been considered 
by a skilled artisan to be a glycosyl donor that is modified by a group tliat is "reasonably small 
and which function[s] as relatively good leaving group[]" as defined in the specification at, for 
example page 4, lines 11-13 and page 12, lines 3 through 11. 

9. The a-glucosyl azide was synthesized by a^ide reaction with per-O-acetylated 
p-glucosyl chloride to give the protected a-glucosyl azide. The protected a-glucosyl azide was 
then deprotected with sodium methoxide in methanol. This purified and characterized substrate 
was used in the enzymatic study described below. 

10. In the glycosynthase reactions, the modified a-glucosyl azide donor produced 
as described in paragraph 9, supra, was transglycosylated onto the glycoside acceptor pNP P-D- 
glucoside. The a-glucosyl azide donor (25 mM or 100 mM) was incubated in the presence of 
/?NP p-D-glucoside (12.5 or 25 mM, respectively) with the nucleophile mutant Agrobacterium 
E358G p-glucosidase (AbgE358G) at 5.0 mg/ml. 25 mM a-glucosyl azide and 12.5 mM 7?NP p- 
D-glucoside were also tested using AbgE358G at 2.5 mg/nil. 

1 1 . Thin layer chromatograpy (TLC) analysis demonstrated that, usixtg the a- 
glucosyl azide donor, a transglycosylation reaction occurred as indicated by the fomiation of new 
compounds that are both UV-active and stained by sulfuric acid. Two images of each TLC plate 



are shown in Exhibit 1 , orie showing the UV lamp image (which shows aromatic containing 
species) and the other showing the result of staining with siilfuiic add (which stains for anything 
containing a sugar). The two TLCs oa the left show the reaction with 25 mM glucosyl azide 
donor and 12.5 mM j?NP ji-D-glucoside acceptor. The TLCs on the right show the reaction with 
100 mM glucosyl azide and 25 mM pNP p-D-glucoside, These data clearly show that the 
AbgE3 58 G mutant will form a disaccharide (and a small amount of trisaccharide) under these 
conditions. 

12. Based on (1) the specification as filed, including the specification's disclosure 
as reflected in paragraph 3, supra:, (2) the knowledge in the art as of the effective filing date of 
the Application, including the knowledge of the skilled artisan as reflected in paragraphs 4 
througli 1, supra; and (3) the cmxent studies described in paragraphs 8 through 11, supra, as well 
as in the previously submitted Declaration under 37 C.F,R, § 1.132, filed November 24, 2003, 1 
conclude that modified glycosyl donors as defined in the specification, including, for example, 
glycosyl azides, glycosyl formates, and those specifically listed in the specification {e,g., 
glycosyl cWorides, acetates, propionates, and pivaloates)> can serve as a modified glycosyl donor 
molecule in the same manner as the glycosyl fluorides specifically exemplified in the present 
application when used with a mutant glycosidase of tlie present invention. 

12. I further declare that all statements made herein of my own knowledge are 
tme and that all statements made on information and beUef are believed to be true; and iurther 
that I make these statements with the knowledge that willful false statements and the like are 
pimishable by fine or imprisonment, or both, under Secti on 1001 of Title 18 of the United States 
Code, and that such willful false statements may jeopardize validity of the apphcation or any 
patent issuing thereon. 
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Enzyme-catalyzed formation of glycosidic linkages 

Gregory M Watt, Philip AS Lowden and Sabine L Flitsch* 



Significant progress has recently been achieved in the use 
of glycosidases and glycosyltransf erases as synthetic tools. 
Glycosidases have been used to synthesize trisaccharides 
with a reasonable overall yield, as welt as high-mannose 
neoglycoconjugates. Studies on glycosyltransferases have 
defined reaction mechanisms and demonstrated reasonable 
substrate tolerance of these enzymes. Effective methodology 
for the synthesis of defined glycoproteins has also been 
demonstrated. 
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Abbreviations 

Endo-A encfo-p-AZ-acetylglucosaminidase 
FucT a- 1 ,3-fucosyltransf erase 
GalNAc N-acetyi-galactosamine 
GalT p-1 ,4-galactosyltransferase 
GlcNAc A/-acetyI-gtucosamine 
Man mannose 
OST oiigosaccharyltransferase 
SialT a-2,3-sialyltransferase 
Teoc trichloroethyl carbamate 

Introduction 

The selective formation of glycosidic linkages is the 
most challenging step in the synthesis of oligosaccharides^ 
glycolipids, proteoglycans, glycopeptides and glycopro- 
teins. Although the formation of glycosidic linkages can 
be achieved with both regio- and stereoselectivity using 
chemical synthesis [1], it remains a long and low-yield 
process, which is even more difficult for glycoconjugate 
synthesis. Enzymes have therefore been explored as 
catalysts for the formation of glycosidic linkages, because 
they dispense with the need for complex protecting-group 
strategics and can give access to glycoconjugates, and even 
complex glycoproteins [2,3). Whilst the principle of using 
enzymes in saccharide synthesis has been well established, 
the range of glycosides that can be formed by enzyme 
catalysis is still limited. Research has therefore focused 
on expanding the repertoire of enzyme-catalyzed reactions 
by investigating the substrate tolerance of enzymes using 
substrate analogues, and by trying to isolate new enzyme 
activities. 

For the synthesis of glycosidic linkages, both the biosyn- 
thetic glycosyltransferases and the hydrolytic glycosidases 
can be used. The latter have to be employed under 



*non-naturar conditions because hydrolysis is normally 
favoured. The past four years have seen significant 
advances in the use of these enzymes. We review some 
of the most interesting examples. 

Glycosidases 

Glycosidases are abundant in nature, where they cleave 
glycosidic linkages. Given the right in vitro reaction 
conditions, however, glycosidases can also be used for 
the reverse reaction, that is, the formation of glycosidic 
linkages. The thermodynamically favourable hydrolysis 
in water can be overcome by using two methods: first, 
by running the reaction under kinetically controlled 
conditions by using a good glycosyl donor substrate, such 
as an aryl glycoside or a cheaply available disaccharide; 
second, the glycosidase-catalyzed reactions can be run 
with a large excess of substrate (molar concentrations) or, 
in some cases, in organic solvents, such that glycoside 
formation becomes thermodynamically favourable. Many 
acceptor substrates bind preferentially to the acceptor site 
of the enzyme, thus encouraging glycoside formation over 
hydrolysis of the substrates. Although glycosidic hydrolysis 
can be reduced, yields for the synthesis of glycosidic 
linkages are generally low, which restricts this method to 
the preparation of small oligosaccharides. 

Glycosidases are stereospecific, that is, they catalyze the 
formation of either the a- or the P-glycosidic linkage, and 
they are specific for the glycosyl donor substrate. They can 
generate a number of regioisomers, however, depending 
on the acceptor structure. In the early experiments, mainly 
1,6-Iinked products in mixtures with smaller amounts of 
1,2- 1,3- or 1,4-linked saccharides were found to be the 
glycosylacion products; however, more recently, greater 
selectivity has been achieved by careful choice of substrate 
and enzyme. For example, Grout and coworkers [4) have 
shown that using the kinetic glycosylation method with 
;V-acetylhexosaminidase (Figure la), 1,4-linked saccha- 
rides such as 1 are preferentially formed, with some 
1,6-linked disaccharides as side products. The disaccharide 
1 has been used in turn as an acceptor substrate for 
the P-mannosidase of the same organism to generate the 
iV-glycan core trisaccharide 2 [5*1. The result is interesting 
because the 4-hydroxyl group is generally considered the 
most unrcactive in chemical glycosylations [6]. 

Another recent example by Nilsson [7»1 is the two-step 
synthesis of the trisaccharide 4 (Figure lb), which has 
potential applications as an inhibitor of the hyperacute 
rejection process. Both the disaccharide 3 and trisaccharide 
4 have been obtained in 20% yield on a preparative scale 
using a P-galactosidase and an a-galactosidase successively. 
The unnatural trichloroethyl carbamate (Teoc) protecting 
group on the 2-amino group is well tolerated by the 
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Figure 1 



(a) 



(b) 



<c) 



(d) 



^acetylhexosamidase 
A ofyzae 
55% 



HO' 
HO 



OH 
^ OH 



p-manno6idas0 
A. oryzae 
26% 



HO- 
HO- 




HO^OH ^OH 

fi, singulars 3 

20% 



a-galactosldase 
coffee beans 

20% 



3 o=< 



octvcb 




OCHfiQt 



OM TT»i 



p-Qalactosidase 
a drcuians / ho 

HO 





0 



1) NaBH4/MeOH 

2)H20 
60% 



H-Tyr-lle-Asn-Ala-Ser-NHa 

^OH I 



EndoA 



Mana(1-«2)Mana1 



X. 



aManal . 



Man9GlcNAc2Asn 



^GIcNAcAsn 



Man(x(1-«2)Mana1 



Manod ->2)Mana(1 ->2)Mana V 



H-Tyr-lle-Asn-Ala-Ser-NHz 



3ManW1-^)GtcNAcP(l-^)GlcNAc3l ch, 



O 1 007 Current Opinior^ in Structural Biology 



Examples of the use of glycosidasea in synthesis. <a) Synthesis of the core trisaccharide of A/-linked glycans by sequential use of 
AAacetylhexosaminidase and p-mannosidase [5»]. (b) Trisaccharide synthesis, incorporating the unnatural Teoc protecting group [?•]. 
(c) The yield of a gtycosidase-catalyzed glycosylation is increased by prior oxidation of the 6 position of the donor [9]. (d) Synthesis of a 
high-mannose neoglycoconjugate using the Endo-A from Arthrobacter protophormiae I16*']. 
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enzymes, demonstrating that analogues can be prepared 
by this method. A similar synthesis of a irisaccharide in 
which the natural A^-acetyl group is used in place of the 
iV-Teoc group has also been reported [8]. 



8 to competing glycosidase hydrolysis is markedly higher 
than that of 9, The yield of the disaccharide 9 obtained 
after sodium borohydride reduction is 60%, which is 
double the yield obtained using the unoxidized donor 5, 



The yield of a glycosidase-catalyzed galactosylation has 
been improved by oxidising the donor substrate 5 prior to 
transfer [9] (Figure Ic). The 6-0-hydrate 6 is still accepted 
by the galactosidase and couples with the methyl glycoside 
acceptor 7, but the resistance of the resulting disaccharide 



Very litde work has been reported on the synthesis of 
glycosides of simple alcohols using glycosidases. Crout 
and coworkers [10] have effectively prepared glycosides 
of alcohols under thermodynamic conditions using high 
concentrations of the alcohol as the solvent. Recently 
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Examples of the use of glycosyttransferases in synthesis, (a) Ghenrto-enzymatic synthesis of an asparagine-linked undecasaccharide using 
glycosyltransferases [18*]. (b) Summary of the glycosyl acceptor modifications tolerated by the a-1,3* and the a-1 ,3/4-fucosyltransferases from 
human milk. Type I acceptors contain the 1 ,3-glycosidic linkage, whereas type II acceptors contain the 1,4-glycosidic linkage. Adapted with 
permission from [23*]. 
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heating using microwave technology [11,12] has been 
shown to improve yields, but this is restricted to 
thermostable enzymes. 

The natural function of f;;//i?-p-A^-acetylglucosaminidase 
(Endo-A) is the cleavage of the glycosidic bond in the 
;V,^V-diacetylchitobiose moiety of high mannose type 
iV-glycans. To reduce the hydrolytic nature of the enzyme, 
Lee and coworkers [13] have used organic solvents in 
the reaction media, thereby significantly increasing the 
transglycosyiation activity of Endo-A. Acceptors based on 
glucose, mannose, 2-deoxyglucose [13] and fucose [14] 
are also accepted, as well as simple alcohols and a wide 
range of GlcNAc glycosides [15]. This procedure has 
been successfully applied to the chemoenzymatJc syn- 
thesis of a high-mannose-type 7V-glycopeptide analogue 
(Figure Id) (16"]. 

Glycosy {transferases 

Glycosyltransferases arc involved in the biosynthesis of 
oligosaccharides; they catalyze the transfer of a specific 
monosaccharide from a nucleotide diphosphate donor to a 
specific glycosyl acceptor. The application of glycosyltrans- 
ferases to the preparative synthesis of oligosaccharides 
is restricted because of their rarity and the require- 
ment for expensive nucleotide donors. Only five trans- 
ferases are commercially available, namely, P-l,4-galac- 
tosyltransferase, a-2,3-sialyltransferase, a-2,6-sialyItrans- 
ferase, al-,2-mannosyltransferase and a-l,3-fucosyltrans- 
ferase V; however, cloning and overexpression techniques 
have greatly increased the number of glycosyltransferases 
that can be used for preparative synthesis of oligosaccha- 
rides [3]. Other transferases that can be readily isolated 
from tissue sources and used for preparative synthesis 
on a milligram scale have been tabulated in a recent 
review [17], 

Because glycosyltransferases are high yielding and essen- 
tially regio- and stereoselective, their use for preparative 
oligosaccharide synthesis is very attractive, in particular for 
the synthesis of large glycan structures. A recent example 
is shown in Figure 2a, in which a heptasaccharide as- 
paragine conjugate is in turn galactosylated and sialylated, 
using galactosyltransferase and a-2,6-sialyltransferase, re- 
spectively, in the presence of alkaline phosphatase to 
afford a sialylated undecasaccharide in 86% yield [18*]. 

Mechanistic and substrate specificity studies have been 
carried out on human a-l,3-fucosyltransferase V by 
Wong and coworkers [19]. Evidence for a general base 
mechanism is supported by a pH-rate profile and proton 
inventor^' studies have indicated that a single proton 
transfer occurs in the transition state. Further work, 
involving kinetic isotope studies with GDP-[l-2H]-fu- 
cose and inhibitory studies with GDP-(2-deoxy-2-fluoro)- 
fucose, supports evidence for a charged sp^-hybridized 
transition state, in which glycosidic cleavage occurs prior 
to nucleophilic attack [20). A new chemical synthesis of 



sugar nucleotides has been applied to the synthesis of the 
GDP-fucose derivatives [21], 

Palcic, Bundle and coworkers [22*] have successfully 
overexpressed in Escherichia coli, purified and characterized 
the a-l,4-GalNAc-transferase that synthesizes the blood 
group A antigen. They have also prepared mutants in 
which 1-3 amino acids are changed to those present 
at the homologous positions in the sequence of the 
a-l,4-Gal-transferase that uses the same acceptor to 
synthesize the blood group B antigen. Three substitutions 
are required to change the donor specificity, whereas a 
single substitution actually increases the activity towards 
UDP-GalNAc. The recombinant enzymes have been used 
in the preparative-scale synthesis of the blood group A and 
B antigens. 

In work directed towards the search for new glycosyltrans- 
ferase activities, Gosselin and Palcic [23'1 have isolated 
a-1,3- and a-l,3/4-fucosyltransferases from human milk, 
in order to map their acceptor-binding sites. Kinetic 
studies using monodeoxygenated derivatives of acceptor 
substrates have been carried out, and it has been shown 
that modifications are tolerated at every hydoxyl group 
except for the 6-hydroxyl of galactose and the fucosylation 
sites themselves (Figure 2b). These results are analogous 
with those for cloned fucosyltransferases III-V [24). 

Studies on the substrate specificity of galactosyltransferase 
on glucosamine derivatives [25] have shown that the 
enzyme tolerates replacements of the natural A^-acetyl 
substituent with a variety of groups, including charged 
and sulphonamide groups. The same replacements are 
tolerated by a-2,3-sialyltransferase [26] and fucosyltrans- 
ferase |27], to afford a range of sialyl Lew^is" derivatives. 
Other examples of galactosyltransferase accepting unnat- 
ural substrates have been published [28,29]. Flexibility 
with regard to glycosyl donor has been demonstrated 
for the human milk a-I,3/4-fucosyltransferase. Carbon 
backbone elongated derivatives of GDP-fucose have been 
synthesized and used as substrates for glycosylation of 
Gal-|J-l,4-GlcNAc [30). 

The use of multienzyme systems for the //; situ regenera- 
tion of sugar nucleotides in glycosyltransfcrase-catalyzed 
synthesis of oligosaccharides [2,31] solves not only the 
problem of obtaining expensive sugar nucleotides but also 
the inhibitory effects of cleaved diphosphate nucleotides. 
In a one-pot synthesis described by Kren and Thiem [32], 
a galactosidase-catalyzed synthesis of p-Gal-l,3-GalNAc 
is coupled with an a-2,3-sialylcransferase multienzyme 
system that regenerates CMP-Neu5Ac to afford sialyl 
T-antigen in 36% yield. In work described by Ichikawa et 
al. [33], the sucrose phosphor\'lase reaction is incorporated 
into a galactosyltransferase multienzyme system that 
regenerates UDP-galactosc, This allows the in situ gener- 
ation of glucose-1 -phosphate — an essential component of 
this process. 
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Solid-phase synthesis using glycosyltransferases 

The advantages of solid-phase synthesis are well known, 
especially in the fields of peptide and nucleic acid 
chemistry. They include the case of purification and the 
potential for the construction of combinatorial libraries. 
The development of solid-phase oligosaccharide synthesis 
has been relatively slow, however, because of the inherent 
difficulties of regio- and stereocontrol in the formation of 
glycosidic linkages. 

Solid-phase synthesis of oligosaccharides and glycopep- 
tides using glycosyltransferases was introduced in 1994 
by Wong, Paulson and coworkers [34]. They prepared 
a glycopeptide containing sialyl Lewis'' by enzymatic 
glycosylation of a chemically synthesized glycopeptide 
attached to silica (Figure 3). Further reports have been 
made of enzymatic glycosylation using different sup- 
ports — controlled pore glass [35], polyethylene glycol- 
polyacrylamide copolymer [36] and polyacrylamide [37]. 
Soluble polyacrylamide supports have also been utilized 
[38-40]. Various methods have been tested for cleavage of 
oligosaccharide from the support, including chymotrypsin 
[34,39], hydrazinolysis [35], acid [36], hydrogenation 
[38], photolysis [37,40] and reductive cleavage of disul- 
phides [41]. 



Oligosaccharyitransferase 

One of the principle goals of research into oligosaccharide 
synthesis is the synthesis of homogeneous glycoproteins. 
This synthesis would allow a more precise definition of 
the roles of individual glycans in determining the physical 
properties and the biological function of their parent 
glycoproteins [42], 

An obvious approach would be to use the enzymes that 
perform the glycosylation of proteins vivo. iV-Iinked 
glycosylation is performed by the enzyme oligosaccharyi- 
transferase (OST), which catalyzes the transglycosylation 
of a preformed tetradecasaccharide from dolichylpyrophos- 
phate to an asparagine residue on a nascent polypeptide 
[43,44*]. OST has been purified, and its peptide sequence 
has been determined from various sources. One can en- 
visage the use of OST to transfer chemically synthesized 
oligosaccharides onto proteins. Recent work [45,46] has 
defined limits for the substrate specificity of the OST. 

Mechanistic studies have identified the minimal acceptor 
to be the tripeptide RCONH-Asn-X-Ser/Thr-CONHR, 
where X is any amino acid except proline, although it 
has also been shown that /y^r^'o-ajp-diamino-zz-butyratc can 
be accepted in place of the serine or threonine [45]. 
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Use of glycosyitransferase in the solid-phase synthesis of a sialyl Lewis'* glycopeptide [34]. 
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The carbohydrate moiety must contain at least the disac- 
charidc chitobiose (GlcNAc2), although transfer of larger 
oligosaccharides is faster. OST seems to be less flexible, 
however, with regard to the lipid moiety. The activity of 
yeast OST has been measured for various analogues of 
dolichylpyrophosphorylchitobiose containing shorter lipids 
(Figure 4), but none of the analogues result in significant 
levels of glycosylation (46). This is unfortunate, as it would 
be advantageous to use shorter and, hence, more stable 
and easily synthesized sugar donors, as has been achieved 
for the yeast P-l,4-mannosyltransferase [47], which can 
utilize phytanylpyrophosphorylchitobiose as acceptor. 

Synthesis of glycoproteins 

A recent breakthrough has brought us a big step closer to 
the total synthesis of glycoproteins. Wong and coworkers 
I48**] have reported the synthesis of an unnatural 
glycoform of ribonuclease using two different strategies 
(Figure 5). Ribonuclease B contains a single A'^-Iinked 
glycosylation site and exists as a series of high-mannose 
glycoforms. Treatment with endoglycosidase H gives a 
ribonuclease derivative, GlcNAc-RNase. with a single 
GlcNAc attached at this site. Treatment with P-l,4-galac- 
tosyltransferase (GalT) and a cofactor recycling system 
gives rise to the disaccharide-linked protein in 76% yield. 
Further treatment with a-l,3-fucosyltransferase V (FucT) 
or a-2,3-sialyltransferase (SialT), or SialT followed by 
FucT gives rise to the predicted glycoprotein products in 
yields of 72%, 85% and 74% (for the FucT-catalyzed step), 
respectively The product of the three-step synthesis is a 



protein-bound form of sialyl Lewis'^. In an extension of 
this approach, Wong and coworkers [48**] have treated the 
GlcNAc-RNase with subtilisin BPN' to give two fragments 
consisting of residues 1-20 and 21-124 (with GlcNAc 
attached). These peptides arc religated using subtilisin 
8397 in glycerol to give full length GlcNAc-RNase. This 
work is exciting because it shows that glycosyltransferases 
can effectively recognize unnatural glycoprotein substrates 
to provide designed protein-linked glycans. It also demon- 
strates the feasibility of ligating synthetic glycopeptides to 
give full-length glycoproteins. 

Another recent report holds promise for the synthesis of 
glycoproteins. Hecht and coworkers [49**] have reported 
the first incorporation of a glycosyl-amino acid into 
a protein using the method of unnatural amino acid 
mutagenesis [50]. Glucosyl-serine has been incorporated 
into firefly luciferase by sn vitro translation in the presence 
of a synthetic tRNA aminoacylated with glucosyl-serine. 

Whole cell methods 

Although great progress has been made in the use 
of purified glycosyltransferases, this methodology still 
suffers from the difficulty of purifying these enzymes. 
The use of whole cell biotransformation would be an 
attractive alternative for the large-scale production of 
oligosaccharides and glycoconjugates. This methodology 
has only recently been pursued. Wong and coworkers [51] 
described the first example of whole cell glycosylation with 
a strain of E. colt, containing a recombinant a-l,2-manno- 



Figure 4 




Gtycolipid acceptors for the oligosaccharyttransf erase. Only the natural lipid moiety (dolichyt) displays significant activity [46], 
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Figure 5 
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Synthesis of a novel glycoprotein using glycosyltransferases and a peptide ligase. A monoglycosylated form of RNase B can be prepared 
either by deglycosylation of native RNase B or by ligation of peptide fragments. This can be further glycosylated to give a protein-linked 
tetrasaccharide. Adapted with permission from 148**1. 



syltransferase from Saccharomyces cerevisiae (51]. Since then, 
there have been reports of whole cell glycosylacion by 
S. cenvisiae harbouring recombinant a-2,6-sialykransf erase 
[521 and P-l,4-ga]actosyltansferase [53]. These results 
demonstrate that transformed whole cells can be used as 
a convenient biocatalyst for glycosylation. 

Conclusions 

Enzymes have been shown to be useful tools for the 
synthesis of oligosaccharides and glycoconjugates on a 
reasonable timescale. Reactions have been scaled up 
to generate gram quantities of product, which would 
be difficult to achieve by multistep chemical synthesis. 
Glycosidases have proven to be useful for the synthe- 
sis of di- and trisaccharides, utilising relatively simple 
starting materials, while Endo-A has been used for 
the preparation of neoglycoconjugates containing high- 
mannose oligosaccharides. 

Studies with analogues have shown that both glycosidases 
and glycosyltransferases tolerate some modifications, in 
particular in glycosyl acceptor structure, so that they may 
also be used in the synthesis of unnatural oligosaccharide 
analogues. Mechanistic studies have been performed on 
a fucosyltransferase, and structure/activity relationships 
have been obtained for other glycosyltransferases. Both 
glycosidases and glycosyltransferases are sure to become 
ever more useful as practical synthetic tools for the 
synthesis of complex oligosaccharides and glycoconju- 
gates. Glycosyltransferases are starting to show promise as 
reagents for solid-phase synthesis, and our knowledge of 
the oligosaccharyltransferase continues to grow. 



Exciting progress has been made in the synthesis of 
glycoproteins and it seems likely that the total synthesis of 
novel, designed glycoproteins will soon be possible. The 
main limitation, in particular for glycosyltransferases, is the 
availability of enzyme. This may be overcome by the use 
of whole cells of yeast or bacteria containing recombinant 
glycosyltransferases, and significant progress is being made 
in this area. 
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